drying behavior of a product to design a dryer using thin-layer drying mathematical modeling (Aidani, Hadedkhodaparast, & Kashaninejad, 2016; Akpinar, Midilli, & Bicer, 2003; Asiru, Raji, Igbeka, & Elemo, 2013; Janjai, Intawee, Kaewkiew, Sritus, & Khamvongsa, 2011; Mabrouk, Benali, & Oueslati, 2012; Mahjoorian et al., 2017; Mujaffar & John, 2018; Naderinezhad, Etesami, Najafabady, & Falavarjani, 2016; Younis, Abdelkarim, & El-Abdein, 2018) .
Many studies have investigated the coffee drying process using several drying methods, such as solar drying (Deeto, Thepa, Monyakul, & Songprakorp, 2018) , convective drying (Burmester & Eggers, 2010; Muhidong Mursalim, & Rahman, 2013; Nilnont et al., 2012; Siqueire et al., 2017) , and hot air-assisted microwave drying (Ghosh, & Venkatachalapathy, 2014) . However, the purposes of this study are as follows: (a) to study the effect of temperature and relative humidity on the drying characteristics of parchment coffee, (b) to develop an appropriate thin-layer drying model of parchment coffees, and (c) to evaluate the effective moisture diffusivity of parchment coffee.
| MATERIAL S AND ME THODS

| Experimental study
The parchment Arabica coffee was cleaned from the mucilage and stored at a temperature of 5°C. The parchment coffee stayed at room temperature for 16 hr before starting the experiment to achieve equilibrium conditions. Thin-layer drying of the parchment coffees was conducted in a laboratory dryer under controlled temperature and relative humidity conditions. The schematic diagram of the laboratory dryer in Figure 1 was designed and developed by Guarte (1996) . This laboratory dryer contains two main sections: a humidifier section and a drying section. The humidifier section consists of a ceramic-packed bed, a water heater, a water pump, and a humidity control unit. The drying section contains a drying chamber, an air heater, and an air blower. The blower forces air to pass through a humid, ceramic-packed bed, a porous media, which absorbs and transfers moisture to the air. Then, the air becomes saturated at the same temperature as the heater controls the water. Then, the saturated air temperature is controlled to reduce the relative humidity by the air heater, and the air passes parallel to the parchment coffee. The relative humidity and temperature of the drying process are manually controlled by a psychometric chart with adjustable power supplied by the air heater and water heater.
The dryer was operated before starting an experiment for 1 hr to achieve steady-state drying conditions. Every experiment was fixed at an air velocity of 1 m/s. The parchment coffee (approximately 100 g) was placed on a tray in a thin layer inside the laboratory dryer.
Thin-layer drying of the parchment coffee was conducted at a temperature and relative humidity in the drying range of 50-70°C and 10%-30%, respectively. Drying air temperature was measured every 5 min with a thermocouple (K type) and was recorded with a data logger. The mass of the parchment coffee was recorded by an electronic balance (accuracy ± .01 g) at an interval of 1 hr. The electronic balance was placed near the drying chamber in the laboratory. The drying process continued until the change in the sample mass was the lowest. All experimental drying conditions were conducted in three replicates. The moisture content dry basis was defined as:
| Mathematical modeling
where s the mass of dried product samples at instant t and d is the mass of the oven-dried product samples at 105°C (Helrich, 1990) .
For all experimental drying, the final moisture content of the parchment coffee achieved equilibrium under constant conditions of temperature and relative humidity. The nine thin-layer drying models in Table 1 were selected as suitable models for explaining the drying process of parchment coffee.
The mathematical models were adjusted by nonlinear least square regression analysis. In choosing the model, specific values were considered: the coefficient of determination (r 2 ) and the root mean square error (RMSE). For the best fit, r 2 must be the highest, and RMSE must be the lowest. These parameters were defined as follows:
where M obs,i : the observed moisture ratios; M pre,i: the predicted moisture ratios; and n: the number of observations.
| Diffusivities of parchment coffee
Fick's second law of diffusion in Equation (5) (Crank, 1975 ) describes a phenomenon of liquid diffusion in the drying of food materials (Aidani et al., 2016; Nilnont et al., 2012; Muhidong et al., 2013; Ghosh, & Venkatachalapathy, 2014; Tolessa, Rademaker, Rademaker, & Boeckx, 2016; Siqueire et al., 2017; Deeto et al., 2018) . The cylindrical analytical solution of Equation (5) was presented in Equation (6), which assumes that the diffusivity of the materials is constant with a negligible reduction (Crank, 1975; McMinn & Magee, 1999; Ramachandran, Paliwal, & Cenkowski., 2018) .
where D eff : the effective moisture diffusivity (m 2 /s), r: the parchment coffee radius, l: the length of parchment coffee (m), t: the drying time (s), and λ i : ith root of the Bessel function (2.405, 5.520, 8.654,...) of zero order, i = 1, 2, 3, and.
The drying time was too long (MR <.6), and Equation (6) was reduced to Equation (8) because l and r are small and t is large (Crank, 1975) , substituting i = 1, j = 1. Thus, λ 1 = 2.4048 for Equation (8) (Usub et al., 2010) :
From Equation (8), the effective moisture diffusivity was computed by minimizing the sum of squares of the deviations between the predicted and the experimental moisture content data (Janjai et al., 2011; Nilnont et al., 2012) .
(3) 
| Modeling of parchment coffee
The moisture content based on the data obtained in the experiments was converted to the moisture ratio (MR) and then fitted to the nine thin-layer drying models in Table 1 to identify a suitable equation for describing and predicting coffee drying behavior during the drying process that controlled the temperature and relative humidity.
The estimated parameter values and statistical analysis values (r 2 and RMSE) are also shown in Table 2 . The statistical analysis results showed that of the models, the modified-Midilli model had the Table 2 . The value of the drying constant "k" increased with increasing drying temperature. The constant values "k," "n," and "b" of the modified-Midilli model were regressed by nonlinear least square regression analysis with respect to the temperature and relative humidity of the drying air. These values can be calculated through the following expression in the form of a second-order polynomial, as shown in Table 3 .
| Effective moisture diffusivity
According to the drying experiment results, the mechanism of diffusion could be analyzed through Fick's second law for cylindrical shapes. The effective moisture diffusivities of parchment coffee for all conditions are presented in Table 4 , with values ranging between 7.7554 × 10 -10 and 1.4525 × 10 -9 m 2 /s. These values are within the range of diffusivities (10 −11 m 2 /s-10 −9 m 2 /s) for different crops using several drying methods (McMinn & Magee, 1999) , such as the moisture diffusivity of coffee ranging from 7.17 × 10 −10 to 10.00 × 10 −10 m 2 /s for drying air temperatures ranging from 40 to 60°C (Nilnont et al., 2012; Varadharaju, Karunanidhi, & Kailappan, 2001 TA B L E 4 The effective moisture diffusivity of parchment coffee large quantities. This mass transfer process will stop when the water vapor pressure at the product surface becomes equal to the water vapor pressure of the drying air. Therefore, the drying air temperature and relative humidity have an essential effect on the drying of parchment coffee: the effective moisture diffusivity of parchment coffee increased with a decrease in the relative humidity and an increase in the temperature of drying air. where T ab is the absolute drying air temperature.
| CON CLUS IONS
The results of the coffee drying experiment under different conditions showed that relative humidity affected reductions in moisture (9) D parchment coffee = 8.0 × 10 −7 e (−2179.9∕T ab ) , r 2 = .997 (10) D parchment coffee = 5.0 × 10 −9 e (−542.28∕T ab ) , r 2 = .9647 (11) D parchment coffee = 4.0 × 10 −9 e (−546.25∕T ab ) , r 2 = .9841 F I G U R E 6 Effective moisture diffusivity of parchment coffee as a function of the reciprocal of absolute drying air temperature (Tab) at different relative humidities (10%-30%) content and decreased at each of the drying air temperatures. The temperature of saturated water within the product was dependent on the vapor pressure of the drying air because vapor pressure affects the boiling point of water, which results in the water inside a product evaporating rapidly in large quantities. Thus, the mass transfer caused by the evaporation of water in the product to the drying air was greater under a relative humidity of 10% and a temperature of 70°C than under other conditions. The maximum effective moisture diffusivity of a drying temperature of 70°C and relative humidity of 10% was 1.4525 × 10 -9 m 2 /s, which was determined by minimizing the sum of squares. Nine thinlayer drying models were used to describe the process during parchment coffee drying. Drying parameters were found to be a function of drying air temperature and relative humidity. The agreement between the predicted and experimental data for parchment coffee in the modified-Midilli model was excellent for considering the drying behavior of parchment coffee, and this model was used optimize the dryer. 
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